An isolation technique, which does not require conventional circulators, is proposed for the realization of a simple and low-cost aperture-coupled circularly polarized antenna for application to fullduplex devices. The approach is based on the use of slotlines loops to provide surface current cancellation in specific regions of the antenna structure, leading to improved axial ratio and isolation between the ports in excess of 50 dB. Circular polarization is achieved by introducing a double-box hybrid coupler, which is optimized to obtain good matching and isolation of the quadrature signals. On this basis, both right-and lefthand circularly polarized beams are achieved by interchanging the transmitting and receiving antenna ports, enabling full-duplex operation and reconfigurability. While the antenna structure is designed for 2.45 GHz operation, one can take advantage of the proposed approach to tune the frequency of maximum isolation. Both single-element prototypes as well as a 2×2 array are fabricated and measured, showing good agreement with the simulations and validating the proposed isolation approach. The beam steering capabilities as well as the application to a Van Atta retrodirective antenna array and the possibilities of achieving delta and sum patterns for monopulse operation are also reported. The proposed full-duplex antenna can also represent an excellent solution for narrowband wireless power transmission systems.
I. INTRODUCTION
Full-duplex wireless communication techniques have received great attention in the past few years. Operating with simultaneous transmission and reception at a given frequency, can provide significant performance improvements, potentially doubling the spectrum efficiency as well as enhancing the time resource allocation [1] . In this context, The associate editor coordinating the review of this manuscript and approving it for publication was Giorgio Montisci .
with the advent of advanced applications based on massive multiple input multiple output (MIMO) and indoor retrodirective wireless power transfer systems (see, e.g., [2] - [7] ), the utilization of a two-port antenna for both transmission (Tx) and reception (Rx), can bring significant real estate advantages, especially when considering the bulkiness and possible compactness of the antenna system. For such applications, the need of self-interference (SI) remains a very critical and challenging constraint. In fact, while SI is usually overcome using analog or digital processing in RF front-ends, VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ polarization diversity principles enable Tx and Rx signal separation using a single antenna for full-duplex operation. This can foster more analog signal processing approaches for simplicity. However, in more conventional cases, Tx/Rx isolation can be ensured by connecting circulators or external hybrid couplers, increasing however both the cost and encumbrance of the device [8] , [9] . These feeding and isolation issues have been the object of broad research activities (see, e.g., [10] - [12] and refs. therein). The utilization of microstrip hybrid couplers [11] and other feeding geometries, such as in [13] , have also been investigated and discussed. These designs have led, inter alia, to good matching and isolation performances, which will be summarized later in this paper.
Following these developments, the design of dualpolarized antennas is attracting more interest, especially those based on aperture-coupled feeding [14] - [18] . In this work, starting from the preliminary research described in [19] where some initial findings of dual circularly polarized (DCP) patch antennas were reported, we present and fully describe an original isolation technique to achieve negligible SI, providing full-duplex capability at 2.45 GHz and isolation performance in excess of 50 dB.
Measurements and simulations for various single-element structures are reported in this work and concepts are extended to a new 2 × 2 array implementation as shown in Fig. 1 , where a single-element within the array (see Figs. 2 and 3) is defined as an elevated aperture-coupled square patch. Utility for beam steering in both the elevation and azimuth is reported, and, thanks to the achieved isolation between the input and output ports, a DCP retrodirective antenna array (RDA) is measured as an application example as well as sum and difference patterns. In this respect, similar investigations have been reported in [3] - [7] and [21] , [22] , respectively, but with different antenna designs. The key element of our proposed isolation approach in this paper consists of the integration of a hybrid feed system for the radiating patches in conjunction with additional slots enabling cancellation of the relevant currents, both at the patch aperture level and within the feed system itself. To the authors' best knowledge, no similar antenna and array design, providing high-quality DCP features without the use of circulators, have been reported.
This offers significant cost savings and improved isolation with respect to conventional solutions and it has significant benefits for the examined Van Atta RDA application example, which does not require bi-directional amplifiers. Moreover, the proposed 2 × 2 array (see Fig. 1 ) can enable automatic beam-steering; i.e., 2-D self-tracking in both the azimuth and elevation planes and with circular polarization (CP). Possible applications of this CP-RDA include new wireless power transmission (WPT) systems based on narrow band operation [4] , such as for mobile phone charging, as well as for other 2-D beam steering systems for localization and tracking.
The DCP array may also be useful for monopulse radar, direction of arrival, and other localization systems when configured for sum and difference patterns. The added benefit of CP gives orientation flexibility and can avoid polarization mismatches. As discussed in the following, the results for the single elements and the array provide enhanced performances such as low SI between the input and output ports, a realized gain of more than 6 dBic, low axial ratios (ARs), and far-field beam steering off broadside.
II. SINGLE-ELEMENT: DESIGN AND OPERATION
The proposed two-port DCP planar antenna is constituted by two layers (see Figs. 2 and 3). The feeding structure is located on the bottom, which is made by a 1.6 mm thick FR4 substrate (ε r = 4.3, tanδ = 0.02). In order to improve the radiation efficiency of the squared patch, the 1.52 mm thick upper layer is selected with a lower permittivity and loss tangent, i.e., a Taconic TLY-5A (ε r = 2.17, tanδ = 0.0015). The feeding structure is constituted by a printed double-box hybrid coupler, fed by two ports, i.e., P1 and P2 (as seen in Fig. 3 , left panel). An input signal coming from one of the two ports is split into two equal, but 90-degree phase-shifted signals, thus each of them is coupled to an H-shaped aperture slot placed on a ground plane, as shown in Figs. 3 and 4. The structure is excited with the fundamental mode of the top patch producing linear polarized radiation. Therefore, the combination of the two transverse linear polarizations (one with a 90 • delay) allows for the generation of a CP beam. In particular, when P1 is used in transmitting mode as the input port, right-hand CP (RHCP) is achieved, while a lefthand CP (LHCP) signal can be acquired at the output port P2 (the opposite case is illustrated in Fig. 2 ).
On this basis, dual-polarized behavior can be obtained at each port by properly interchanging the role of P1 and P2. Note that the use of a printed double-box coupler, in place of a conventional 90-degree hybrid coupler, ensures better matching, improved Tx/Rx isolation, amplitude balance, and orthogonality of the quadrature signals, all features that are essential to provide a highly pure CP beam with a low axial ratio (AR). The H-shaped slot geometry and the λ g/4 stubs (with width and length W line and L stub , respectively, as shown in Fig. 3 , and where λ g is the guided wavelength, which is approximately equal to λ 0 / ε 1/2 r ) provide enhanced coupling to the top patch [14] .
As it is known, the isolation between the two feeds of a double-port device can be significantly affected by the geometrical configuration of the radiating element [24] . As visible in Fig. 3 , the considered H-shaped slot configurations are closely spaced, thus one can expect strong coupling for the surface currents circulating in the bottom layer both around and between the two apertures. Also, because of their size, the two H-shaped apertures are then very close to each other.
We just note that, since the slotline terminations can be considered short circuits [9] , for the H-shaped apertures, the surface currents are very intense in these regions and can circulate from one aperture to the other, disturbing the port-to-port isolation and the AR performances for the antenna, as depicted by simulation results obtained with CST Microwave Studio in Fig. 5 , where the electric field distribution is reported on the various aperture planes of the antenna and the hybrid coupler, when no perturbing slots are present.
By adopting isolation approaches as found in the literature for linearly polarized antennas, port-to-port isolation can be improved. For example, the isolation of microstrip loop antennas has received some attention in the past, especially with regards to the design of MIMO antennas [10] . Following these developments, we implement here a new approach as illustrated in Figs. 2(c) and 4. A square slot loop for isolation is placed on the top radiating patch, so that it can be fed by means of slotline-to-slotline coupling from the two bottom H-shaped slots. The electric field distribution is shown in Fig. 6 (a-b). Current flows from these feeding points (located in the middle of a loop side) through the isolation loop with a particular distribution. This implies that, when a current maximum is reached at one feeding point, a current minimum is reached at the other one. This helps to enhance the port-to-port isolation as well as preserve the required phase quadrature between the two H-shaped slots, thus generating an AR improvement. VOLUME 8, 2020 A second and new approach can be defined by the addition of a square slot loop directly on the ground plane, just between the two H-shaped slots. The simulated electric field is shown in Figs. 6 (c) and (d). In this configuration, which to our knowledge has not been implemented previously, a portion of the surface currents are directly re-routed through the square loop, as represented in Fig. 6 (c). The distance between the isolation loop and the terminations of the H-shaped slots needs to remain short and optimized to guarantee proper coupling for enhanced isolation and sustained antenna operation.
III. SINGLE-ELEMENT PROTOTYPES
In order to experimentally assess the isolation performance, a few single-element prototypes have been fabricated and measured. One of these antennas is shown in Fig. 2(c) . As briefly discussed above, the lower layer is made on a 125.5 × 125.5 mm FR4 square PCB, whereas a 54.4 × 54.4 mm upper Taconic square substrate is placed 3 mm above the bottom layer by foam spacers. Squared slotline loops having a side length of 9 mm were introduced on the top patch to maximize the isolation from 2.4 to 2.5 GHz. The relevant dimensions are summarized in Table 1 . The simulated impedance matching in the absence of the slotline loops (not reported here for brevity), has provided satisfactory performance (well below −10 dB) and narrowband isolation (5% for |S21| < −10 dB), with a maximum value of 25 dB at 2.45 GHz. This performance is, however, expected since the apertures generate orthogonal modes. The CP antenna operation provides AR values below 2.5 dB and a realized gain of 7.5 dBic. A comparison between the simulated and measured S-parameters for the antenna made with the loop on top (see Fig. 2 (c)) is reported in Fig. 7(a) , where a narrowband but strong isolation is achieved reaching 42.7 dB at 2.42 GHz. Broadband matching is observed as well.
The S-parameters of an alternative prototype are also reported, having the same dimensions except for the square loop (whose size is equal to 15 mm by 15 mm, contrasted with the 9 mm by 9 mm of the previous one), confirming the tuning capability of the maximum isolation frequency of the device. Simulation and measurements are only shown for Port P1 in Tx mode and Port P2 in Rx mode, P1 in Rx mode and P2 in Tx mode leading to the same results thanks to the symmetry of the structure. Figures 7(b) and (c) show that high CP purity is achieved with AR values below 2 dB at broadside, whereas Fig. 8(a) shows a gain value of more than 6 dBic and a halfpower beamwidth (HPBW) of 60 • . The radiation efficiency is estimated using full-wave simulations and it is equal to 70% where losses are mainly related to the low-cost FR4 feeding circuit substrate.
A prototype including a slot loop on the ground plane has also been fabricated. The frequency of operation as well as the dimensions are unchanged (see Table 2 ) except for L slot2 , which was optimized, and it is equal to 19 mm for this prototype. The slotline loop is set to 9.6 mm. Even if the use of this additional element could be detrimental for the feeding circuitry, this configuration still offers wideband matching, good antenna gain, narrowband but high isolation, and improved AR performance, as depicted in Figs. 8(b) and 9 . In particular, as seen in Fig. 8(b) , the realized gain reaches 6.9 dBic with a HPBW equal to about 60 • . Differences between the simulations and the measurements should be attributed to the patch placement above the relevant feeding structure. As discussed, both the slotline configurations lead to strong but narrowband port-to-port isolation. To improve the bandwidth, we propose here another prototype constituted by a loop placed on the radiating patch and one on the ground plane, as depicted in Fig. 10(a) . The two square slotline loops are implemented simultaneously and achieve improved isolation, as shown in Fig. 10(b) , where a minimum value for |S 21 | of −54 dB is observed. This value is consistent with the port-to-port isolation as shown in the simulated electric field plots (see Fig. 11 ).
The matching properties are improved as well, achieving a very wideband behavior (|S 11 | < −20 dB from 2.1 GHz to 2.7 GHz as reported in Fig. 10(b) ). The measured realized gain (not show here for brevity) reaches a maximum value of 8.28 dBic at broadside, which is in agreement with the simulations. A measured HPBW equal to about 70 • in the principal plane has been observed. Simulations and measurements also show good CP purity with AR values below 2.5 dB from −50 • to 50 • in the principal planes. We should mention that these measurements are performed, in this case, at 2.35 GHz, where the actual maximum isolation was observed.
We just note that the mentioned differences between the simulated and measured prototypes are likely due to several factors. For instance, the simulations do not take in account the insertion loss of the SMA connectors as well as the presence of the air foam spacers supporting the radiating patch. Furthermore, possible minor misplacements of the radiating patch above its feeding apertures, occurring during the manufacturing process, can likely lead to some performance degradation. All these practicalities in combination with potential differences between the rated and the actual relative permittivity (because of the PCB manufacturing tolerance), can impact the maximum isolation frequency. For example, a frequency shift can be observed between the simulations and the measurements (from 2.4 GHz to 2.35 GHz, see Fig. 10(b) ). Table 3 compares the antenna performance with other similar DCP structures in the literature. To best knowledge of the authors, no similar antenna, and one with the reported values useful for full-duplex and DCP operation, have been reported previously. For example, by inspecting Table 3 , it can be observed that the developed technique with parasitic loops on the top radiating patch as well as the ground plane provides superior DCP performance in terms of the measured isolation values, with isolation percentage bandwidths in excess of 5%. This may be suitable for radar applications requiring singlefrequency beam steering as well as for WPT. Table 4 , in addition, reports a performance comparison with others antenna designs for RDA operation. It can be observed that our developed prototype can provide improved isolation (significantly better with respect to refs. [26] and [27] ) as well as improved gain whilst offering dual-CP operation. 
IV. ARRAY DESIGN AND RESULTS
The single-element antenna designed and optimized in the previous section is considered here and optimized further for the demonstration of a 2 × 2 DCP array with application to a Van Atta RDA and sum/difference patterns. The isolation techniques, constituted by square slotlines on the top patches and on the ground plane, are employed (see Fig. 4 ). The prototyped array is shown in Fig. 1 where the four patch antennas are visible, each one fed by two highly isolated ports for DCP operation. The measured impedance matching is presented in Fig. 12 , showing broadband performance and high isolation values (all results not shown for brevity due to the symmetry of the structure).
The proposed array can also be used to achieve conventional broadside radiation and beam steering. Simulations from CST Microwave Studio are reported in Fig. 13 . An RHCP beam at broadside, for instance, can be obtained by driving in quadrature ports 1, 3, 5, and 7 (see Fig. 1 ). To steer the direction of the main beam in the xz-plane, additional sequential phase delays equal to 40 • are enforced between ports 1, 3, 5 and 7. Fig. 13(a) also reports a 20-degree steered beam by applying a similar phasing but with a delay of 85 • . Beam steering off the principle/main planes is also possible and within both the xz-and yz-elevation planes and values of about 10 dBic are observed.
We just note that further increasing the scanning angle off broadside, one can observe high levels for the first side lobe, which is anyway below 10 dB from the main beam. Also, the small scanning angles do not significantly suffer from the intrinsic gain reduction typically observed when steering the beam towards endfire. We should also mention that the proposed array provides a HPBW of about 35 • , ensuring a pure CP beam with AR values below 3 dB both versus angle and frequency, as shown in Figs. 13(b) and (c). Measurements and simulations for the RHCP broadside radiation pattern (which are about 10 dBic) are also shown in Fig. 14 where a good agreement can be observed in terms of the pattern shape and the HPBW, which is about 40 • . Results are normalized considering a RHCP broadside beam in the two principal planes. Cross-polarization levels are less than 10 dB from the main co-polarized maximum defining an AR which is less than 3 dB at broadside.
A. VAN ATTA RETRODIRECTIVE ANTENNA ARRAY OPERATION
The proposed 2 × 2 array can be also employed as a DCP Van Atta RDA [2] . As is well known, this class of antenna circuit systems are self-phasing in which the incident wave incoming from a far-field source naturally induces a phase gradient at each element, and by phase conjugation, generates a backreflection towards that same source. The achieved isolation at the ports is very useful for an RDA because when the elements within the array are connected in a crossed path orientation [2] , as it is illustrated in Fig. 15(a) , a new DCP Van Atta RDA can be realized for self-tracking in both the azimuth and elevation. It should also be mentioned that this RDA antenna system does not require a circulator and/or bidirectional amplifiers, which can be problematic and costly when considering more conventional RDA implementations. The simulated and measured back-reflected power versus beam angle, when illuminating the array with a reference antenna, are reported in Fig. 15 (b) at 2.35 GHz.
A good agreement for the simulations and measurements is observed in terms of the beam shape and the HPBW (which is about 70 • ). During the measurements it should be mentioned that the single-element DCP antenna (using both isolation techniques with slot inclusions on the top patches and on the ground plane as reported in Section III) was used as the reference antenna, in both transmit and receive, while no amplifiers were employed in the array measurements for proof of concept defining a passive system demonstration. Also, to connect the antenna elements for the measurements, transmission lines were introduced to achieve a 180 • phase difference between each antenna pair, for proper Van Atta RDA operation.
If we compare the proposed Van Atta RDA with similar works (see Table 4 ), the achieved isolation is significantly improved as well as the gain; for example, values are well above 50 dB and 8 dBic, respectively. Moreover, the RDA is the only one that exhibits CP operation and with isolation values of 54 dB. This provides orientation flexibility of the transmit and receive antennas while maintaining full-duplex operation.
The response of the proposed 2 × 2 array is also a good candidate for mobile phone charging in the far field and narrowband WPT RDA applications based on high-power RF transmission [6] . In these cases, an incoming low-power beacon signal from a device to be charged is re-radiated back in the same direction (towards the beacon source) using an active RDA. As in [6] , two separate transmit and receive antennas were employed for tracking in a single-plane only. However, with the newly developed 2 × 2 dual-polarized array of this work (see Fig. 15 ), a single antenna unit can be employed for both transmission and reception with RDA tracking in both the azimuth and elevation planes. Furthermore, the narrow band antenna response is needed in order to minimize any electromagnetic coupling effects from other radiating sources (acting like a filter) while maintaining CP antenna operation at a single frequency [6] . This is important since noise in the antenna system can introduce beam tracking errors of the retro-directed beam. 
B. SUM AND DIFFERENCE PATTERNS
Thanks to the double feed per each element of the array, the proposed 2 × 2 configuration can also be configured and measured for delta and sum patterns for monopulse applications [20] , [21] . The delta pattern, in particular, can be synthesized simultaneously exciting the odd or even ports. The sum pattern, instead, is achieved through the addition and sequential rotation of the signals at the ports, as mentioned previously. The far-field beams are shown in Fig. 16 where a good agreement can be observed between measurements and simulations.
V. CONCLUSION
In this work we have proposed and experimentally validated an original technique aiming to improve the isolation in dual circularly polarized aperture-coupled patch antennas. The novel approach makes use of parasitic square slotline loops placed on specific regions of the antenna patch and ground plane. Though narrow band, they provide high isolation values in excess of 50 dB, with good matching and polarization purity, outperforming similar devices proposed in the literature.
Different single-element antennas have been designed, simulated and measured, as well as a 2×2 array configuration providing the best performance and the most compact size. These cases have been validated through the manufacturing and measurement of various prototypes offering dual-circular polarization. Possible applications for the proposed RDA include far-field WPT, whereas the delta and sum patterns can be useful for monopulse and other localization applications. Future work could also entail adapting the proposed structures for dual-linear polarization as well as approaches to improve the isolation bandwidth.
